Introduction
============

Gastroparesis is a chronic morbid neuromuscular disorder that causes nausea, vomiting, upper abdominal pain, and early satiety. Gastrointestinal symptoms are frequent in gastroparesis and can lead to deterioration of the quality of life. The etiologies of gastroparesis can be categorized as idiopathic (36%), diabetic (29%), and postsurgical (13%).^[@ref1]-[@ref3]^ However, the current treatment method for gastroparesis is not often very effective because it does not adequately address the underlying causes in terms of offering less invasive solutions. Instead, it involves symptom management through medications, such as prokinetics and antiemetics, dietary modifications, enteral nutrition supply, and surgical interventions such as pyloroplasty. Hence, a better alternative is necessary to overcome the limitations of such conventional methods. Gastric electrical stimulation (GES), which utilizes electrodes and a pulse generator to electrically stimulate the gastric tissues, can effectively mitigate the symptoms of gastroparesis.^[@ref3]-[@ref6]^ In clinical studies on patients with gastroparesis, GES was observed to significantly improve gastrointestinal symptoms, especially nausea and vomiting, and reduce hospitalization and use of medication, thereby enhancing the patients' quality of life. However, devices that are currently in clinical use require invasive procedures to be performed under general anesthesia. Also, this invasive procedure can induce complications such as implantation site pain, infection, dislodgement, and skin problems, and is also associated with risk of device removal.^[@ref7]^

Therefore, a new type of device is needed for minimally invasive insertion using tools such as an endoscope. Minimally invasive endoscopic GES device implantation requires miniaturization, waterproofing, and insulation of the device, as well as external control of the pulse frequency, pulse width, and switching on/off of GES. We aim to assess the feasibility of a newly developed wireless gastric electrical stimulator and describe its minimally invasive implantation procedure via endoscopy.

Materials and Methods
=====================

Gastric Electrical Stimulation Device: Prototype
------------------------------------------------

We developed a device consisting of 2 parts: a transmitter and a receiver, as shown in [Figure 1A](#F1){ref-type="fig"}. The 2 systems were based on a microcontroller unit (8-bit MCU: CC1310F128RSM, ABOV chip; ABOV Semiconductor, Cheongju-si, Korea) with a battery-operated (3.7 V) transmitter. The transmitter first determined the mode and then transmitted it via radio frequency communication using a transmitting module of 868/915 MHz (ACAJ-110-T) ([Fig. 1B-D](#F1){ref-type="fig"}). The corresponding receiver (22 mm × 8 mm dimensions) for GES, which resembled a coin battery, was battery operated (3.0 V) and easy to transfer into the intestinal tube ([Fig. 1C and 1D](#F1){ref-type="fig"}). The receiver consisted of the same module as the transmitter and simultaneously induced a 5 mA constant current stimulation via switching circuits made up of an NPN-type transistor (KTN2222AU, KEC, Seoul, Korea), a 120-Ω resistor, and a timer (TPS22860DBVR, Texas Instruments, Dallas, TX, USA) that served as a clock for switching ([Fig. 2A](#F2){ref-type="fig"}). The timer worked at frequencies of 14, 28, and 55 Hz, with a pulse width of 1-999 microseconds, which corresponded to a duty cycle of 0.0014-5.208%, and an on and off time cycle of 0.1-9.9 seconds. The system included a wire-type 2-electrode system for electrical stimulation. To verify the system (voltage and current), the outputs were checked for various loads using an oscilloscope (TDS-2002C; Tektronix, Beaverton, OR, USA) and a current probe (Tektronix p6021a, Tektronix, USA). After verification, the device was encapsulated in a protective silicone cover for waterproofing ([Fig. 1D](#F1){ref-type="fig"}). The system consumed 20 mW and could operate continuously for more than 2 hours using a 3 V, 620 milliampere hour (mAh) coin cell battery. For electrical stimulation of the GES device, electrodes of 2 mm length and 1 mm diameter (Sus 304) made of medical-grade stainless steel were inserted into the muscle layer 10 mm apart. The GES device received radio frequency signals for the determined parameters (ie, frequency, duty cycle, and treatment time), and the stimulation was initiated through remote control.

Slow Wave Acquisition
---------------------

A multi-channel recorder (Acknowledge 4.4, MP150; Biopac Systems, Santa Barbara, CA, USA) was used to record the gastric myoelectrical activity throughout the study. The gastric slow wave measurements were obtained through the Ag/AgCl electrodes placed on the serosal layer of the porcine stomach. The electrodes were located at a total of 6 sites on the fundus, body, and antrum of the porcine gut. Measurements were obtained prior to electrical stimulation. During the stimulation, the recorder had to be maintained safe from electrical shock because the circuit for the measurements was repeatedly opened by disconnecting the ground line. Upon completion of the stimulation, the circuit of the recorder was closed, and the recorder commenced recording signals. The signal amplitudes were divided by the amplitude of 4 Hz response to attain the frequency-to-amplitude ratio (FAR) corresponding to the range of 3 Hz to 4 Hz.

Ethics Statement
----------------

This study was performed in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The study protocol was approved by the Committee on the Ethics of Animal Experiments of the Korea University Anam Hospital (Permit No. KOREA-2018-0023). All efforts were made to minimize animal suffering.

Anesthesia and Endoscopic Placement of Device
---------------------------------------------

The animal study was performed under general anesthesia that was induced with azaperone (2-8 mg/kg) and xylazine (1-3 mg/kg) and maintained with isoflurane (1.5-2%) on pigs weighing 40-50 kg, followed by a laparotomy. Endoscopy was then performed to install the GES device.

To transport the GES device to the stomach, a guidewire was directed along the porcine upper gastrointestinal tract, and the GES device was delivered wrapped in a small rubber pocket using rat tooth forceps. After the GES device delivery, the submucosal layer was removed as deeply as possible. A pocket was then made for embedding the GES. Thereafter, the GES electrode was placed in contact with the muscularis propria for electrical stimulation and was fixed with an endoscopic clip ([Fig. 3](#F3){ref-type="fig"}).

Electrical Stimulation Protocol
-------------------------------

After an hour of resting time following the endoscopic submucosal dissection procedure, electrical stimulation was conducted for 10 minutes at a frequency of 14 Hz with a pulse width of 330 microseconds, which corresponded to a duty cycle of 0.459%. The pulse had cycle on and off times of 0.1 seconds and 5.0 seconds, respectively. The gastric slow wave signals were then obtained in 3 steps: baseline, stimulation, and recovery period for 10 minutes, in each stage.

Results
=======

The GES device was configured to receive signals through a 200-Ω resistor through a phantom serosa-like tissue, including 180- and 200-Ω resistors to confirm signals as commands.^[@ref8]^ The output voltage and current waveforms for a pulse width of 330 microseconds at a frequency of 14 Hz are shown in [Figure 2B](#F2){ref-type="fig"}. Varying the load value via a resistor, the current outputs at both electrodes were constant at approximately 5 mA and 1.6 mA for the stomach tissue ([Fig. 2B](#F2){ref-type="fig"}).

The FAR was calculated based on the data collected ([Table](#T1){ref-type="table"}). The FAR varied depending on the site ([Fig. 4](#F4){ref-type="fig"}). The antrum showed a significant increase in FAR compared to the fundus or body lesion (*P* \< 0.05) ([Fig. 4](#F4){ref-type="fig"}), despite all sites receiving the same amount of electrical stimulation. Fourier transforms (FT) were performed on the acquired signals to analyze the frequency dependence of myoelectrical activity. The Games-Howell variance analysis of FT showed that the slow wave frequency tended to increase in the frequency domain after electrical stimulation at the antrum compared to the fundus and the body, shifting from 0.061 Hz to 0.212 Hz. The slow wave intensity tended to increase in the body and the fundus compared to the antrum ([Fig. 5](#F5){ref-type="fig"}).

Discussion
==========

In this study, we developed a wireless GES device and inserted it into the gastrointestinal tracts of weaner pigs via an endoscope, presenting a possible new method for insertion of a GES device without invasive surgery. Stimulation was applied to the gastric muscles through a pair of electrodes, with either constant-voltage or constant-current control. This electrical stimulation was applied as electric impulses, which mimicked the action potentials from the central nervous system, causing the muscles to contract. An action potential is made by muscle cell depolarization. Depolarization occurs when existing ionic charges change to opposite charges. The ions respond to the electrons emitted by either the positive or negative electrode. With this action, the constant-current stimulation allows the power developed by the muscle to be better controlled, while the constant-voltage is not sufficient to exert around the entire tissue between the electrodes due to the heterogeneous impedance of the tissue. We applied the constant-current control herein. In the laboratory test, the GES outcome was a constant current of 5 mA for loads of 180, 200, and 220 Ω. In the stomach tissue test, the output was 1.6 mA and did not approach the 5 mA value of a fixed resistor. The embedded GES device was able to communicate bidirectionally with the transmitter outside the body, although the device was embedded in the pig model. This outcome was similar to that of a previous study,^[@ref9]^ perhaps due to the passive film that formed on the electrode surface when inserted into the tissue.^[@ref10]^

GES applied to the mucosal tissue showed a significant increase in the FAR at the antrum compared to that at the fundus or body, when GES was applied on the body. The FAR generally reflected the tendency of depending on frequency for objects.^[@ref11]^ In other words, the antrum responded more sensitively to the electrical stimulation than the others. Frequency is defined as the number of vibrations undergone during one unit of time by a body in periodic motion. The vibration is related with the elastic properties of the stomach tissue. Among the structures of the stomach, the antrum showed strong elasticity assuming each part of the stomach has all mass and amplitude.

The FAR results reflected the FT analysis of the frequency of the gastric myoelectrical activity post-stimulation, which refers to the frequency domain representation. FT of the antrum showed a significant increase in frequency of 0.151 compared to that before stimulation, while the others exhibited no changes in frequency between before and after electrical stimulation in channel 5. However, in channels 2 and 4, FT of the fundus and the body showed a decrease of 0.066, but was absent in the antrum. In channels 2 and 4, the frequent frequency of FT was within the domain of 0.1 Hz, despite the frequency shift. However, in the case of the antrum, the shift of the FT frequency was significant, reflecting the propagation of the electrical slow wave from the proximal stomach toward the antrum and the pylorus.^[@ref12]^ In addition, this may be attributed to the interstitial cells of Cajal (ICC) in the antrum tissue. According to previous studies,^[@ref13],[@ref14]^ the ICC are more densely located in the corpus and antrum than in the fundus. The antrum contains both ICC of the myenteric plexus and intramuscular ICC networks, whereas the fundus only contains intramuscular ICC. The ICC of the myenteric plexus serve as a pacemaker, which creates the bioelectrical slow wave potential that leads to the smooth muscle contraction. It is likely to correlate between frequent frequency increases in 0.151 Hz and ICC in the antrum tissue.

The limitation of this study is that no result was obtained regarding the use of constant-voltage in a pig model. We could not compare the results from constant-voltage and constant-current conditions. Also, in the pig model used, we did not conduct a valuation of gastric function, assessment of the device in an animal model with functional dyspepsia, or a histological analysis of the ICC. Nevertheless, the present study has strength in terms of providing insights into applying a pacemaker to the stomach via an endoscope. We tried to evaluate the effect of electrical stimulation by presenting a change in the slow wave rhythmic activity.

In conclusion, GES is feasible with our minimally invasive wireless device. This technique could overcome the limitations of invasive conventional procedures and has the potential to increase utilization of GES as a treatment alternative.
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![Gastric electrical stimulation (GES) device. (A) A transmitter and a receiver. (B) Block diagram of the system, including the signal transmitter and receiver. (C) Schematic of the system. (D) Radiofrequency (RF) antenna and electrodes of GES. PCB, printed circuit board.](JNM-26-410-f1){#F1}

![Circuit for constant current and performance of the constant current for various resistors. (A) The NPN (Negative-Positive-Negative)-type transistor (KTN222AU) has a voltage drop of 0.7 V between the emitter and the base of the transistor and 5 mA current via the 120-Ω resistor (R9). The current passes through the tissue via the electrodes. (B) The circuit showed a constant current output of approximately 5 mA for the 180, 200, and 220 Ω resistors. The circuit showed an output of 1.6 mA for the stomach tissue.](JNM-26-410-f2){#F2}

![Endoscopic implantation of the gastric electrical stimulation device.](JNM-26-410-f3){#F3}

![Frequency-to-amplitude ratio (FAR) after electrical stimulation, according to the different lesions. \**P* \< 0.05 compared to the fundus or body lesion. bpm, beats per minute.](JNM-26-410-f4){#F4}

![Fourier analysis of the gastric slow wave (fundus: channels 1 and 2; body: channels 3 and 4; and antrum: channels 5 and 6). (A) Fourier transform wave pattern before electrical stimulation. (B) Fourier transform wave pattern after electrical stimulation.](JNM-26-410-f5){#F5}

###### 

Summary of the Measured Electrogastrogram

  Item                                   Frequency range (bpm)   Mean frequency (bpm)   Amplitude type   Amplitude range (mV)   FAR (bpm/mV)
  -------------------------------------- ----------------------- ---------------------- ---------------- ---------------------- --------------
  Baseline                               2.00-4.00               2.54                   UA               0.052-0.420            1.5
  Stimulation by a wireless GES device   3.00-4.00               3.26                   EA               0.103-0.230            5.9
  After stimulation                      3.00-5.00               3.00                   UA               0.042-0.152            3.0

bpm, beats per minute; FAR, frequency-to-amplitude ratio; GES, gastric electrical stimulation; UA, unequal amplitude; EA, equal amplitude.
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